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EXPOSURE TO AMBIENT FINE PARTICULATE MATTER (Յ2.5 M, PM2.5) is associated with an increased risk of developing cardiovascular disease (CVD) (7, 48) and Type 2 diabetes (T2D) (59) . Several studies have shown that acute exposure to PM 2.5 precipitates cardiovascular events such as myocardial infarction (55) and ischemic stroke (64) , whereas chronic exposures are associated with increased cardiovascular disease risk (3, 45) and accelerated atherogenesis (1, 37, 66) . PM exposure also decreases insulin sensitivity (8) , exacerbates cardiometabolic disorders, and increases cardiometabolic disease mortality (56) , and T2D enhances vulnerability to PM-induced vascular injury (50, 62) . While the mechanisms underlying the increased cardiovascular and cardiometabolic risk due to PM exposure remain unclear, data from both human and animal studies indicate that vascular dysfunction is an early and sensitive outcome of PM 2.5 exposure (6, 29, 54) . Acute exposure to PM 2.5 causes conduit artery vasoconstriction (5) and increases blood pressure in healthy adults (70) , and chronic PM 2.5 exposure is associated with persistent endothelial dysfunction (35) . Because the endothelium regulates blood pressure, atherogenesis, arrhythmogenesis, and thrombosis (38) , endothelium dysfunction could, in part, contribute to increased CVD risk due to PM 2.5 exposure and to the increased susceptibility of diabetic individuals to PM 2.5 -induced cardiovascular injury.
Endothelial progenitor cells (EPCs) are immature cells expressing endothelial markers that play a nonredundant role in vascular maintenance and repair (20) . The level of these cells in the peripheral blood are maintained by continuous mobilization from the bone marrow, and their circulating levels are a sensitive index of cardiovascular and endothelium health (20, 67, 74) . Chronically reduced levels of circulating EPCs are associated with endothelium dysfunction and increased CVD risk (42, 74) . In our previous studies we found that short-term exposures to PM 2.5 decrease the levels of circulating EPCs in humans (51) and mice (21) , and that PM 2.5 exposure suppressed VEGF-mediated EPC mobilization from the bone marrow in mice (21) . Nevertheless, the mechanisms contributing to depressed EPC mobilization after PM 2.5 exposure remain unclear. In addition to PM 2.5 exposure, circulating EPC levels are decreased also in obesity and diabetes in humans (27, 42) and in murine models (18, 61, 68) , suggesting that EPC homeostasis, mobilization, and recruitment may be dependent on insulin signaling as peripheral blood EPC levels are decreased in states of insulin resistance. That insulin resistance contributes to EPC mobilization is supported by the observation that the number of circulating EPCs is decreased in insulin receptor-null mice (28) . Furthermore, treatment with an insulin sensitizer, metformin, or thiazolidinediones such as rosiglitazone has been shown to improve not only vascular insulin sensitivity in obesity and hypertension (40, 63, 71) but also to restore circulating EPC levels in diabetes (11, 42, 53) . Taken together, these studies indicate that insulin signaling, especially in the vasculature, could contribute to the regulation of EPC homeostasis and that insulin resistance has the potential to disrupt EPC mobilization and their recruitment into the peripheral blood.
The current study, therefore, was designed to determine how PM 2.5 exposure affects vascular insulin sensitivity and EPC levels, whether these effects are exacerbated by diet-induced obesity, and whether treatment with an insulin sensitizer prevents PM 2.5 -induced vascular insulin resistance and EPC retention. Our results show that exposure to concentrated ambient PM 2.5 (CAP) induces vascular insulin resistance and decreases circulating EPCs and that these changes are prevented by metformin or rosiglitazone treatment. These findings support the concept that vascular insulin resistance contributes, in part, to PM 2.5 -induced depletion of circulating EPCs.
MATERIALS AND METHODS

Animals.
All animal experiments were performed in accordance with the APS's Guiding Principles in the Care and Use of Animals following protocols approved by the University of Louisville IACUC. Mice were exposed to HEPA-filtered air or concentrated PM 2.5 (CAP, 6 h/day) as previously described (21, 51) . Male 8-wk-old C57BL6 mice (Jackson Laboratory, Bar Harbor, ME) either maintained on control diet (CD; 10 -13% kcal fat, Research Diets, New Brunswick, NJ; LabDiets, Cincinnati, OH) or placed on a high-fat diet (HFD; 60% kcal fat, LabDiets, Cincinnati, OH) were exposed to air or CAP for 9 or 30 consecutive days as indicated in the experimental protocols (Figs. 1, 2, 3 , and 4). In addition, 12-wk-old mice treated either with vehicle (water), metformin, or rosiglitazone were exposed for 9 days to air or CAP following the protocol shown in Figs. 5 and 6. To test whether treatment with an antidiabetic drug would prevent CAPinduced effects, we started the drug treatment 2 days before the exposure to allow for acclimation to the drugs. Metformin (SigmaAldrich, St. Louis, MO) was provided in drinking water with estimated graduated daily dosing of 50 mg/kg (preexposure day Ϫ2), 150 mg/kg (preexposure day Ϫ1), and 300 mg/kg (exposure day 0 to ϩ9) as indicated in Figs. 5A and 6A. This protocol was adapted from a study showing that metformin improves vascular function in a model of insulin resistance (30) . Rosiglitazone (1 mg·kg Ϫ1 ·day Ϫ1 , SigmaAldrich) was provided in drinking water 2 days prior and throughout the 9 days of exposure because a similar dose has been shown to improve vascular insulin signaling and function (17, 40) . Body weight and fasting (6 h) blood glucose levels (Accu-Check glucometer, Aviva, Roche) were measured. Mice were euthanized with pentobarbital sodium (150 mg/kg), and organs were collected and snap frozen. Vascular insulin signaling was examined ex vivo in freshly isolated aortas stimulated with 100 nM of insulin (32) . For this, freshly isolated aortas were cleaned perivascular adipose tissue and then incubated for 1 h in endothelial basal media (standard cell culture conditions, 5% CO 2, 37°C; Promocell, Heidelberg, Germany) unless stated otherwise. After stimulation with vehicle or 100 nM insulin (15 min, Humulin-RP, Eli-Lilly, Indianapolis, IN), aortas were washed with ice-cold PBS and snap frozen for Western blot analysis. Blood was used for flow cytometry and for measuring plasma lipids and proteins on a Cobas Mira Plus 5600 Autoanalyzer (Roche) with commercially available kits as previously described (13) or with ELISA kits (insulin and VEGF; ALPCO, Salem, NH, or R&D, Minneapolis, MN, respectively). HOMA-IR and HOMA-␤ scores were calculated from fasting blood glucose and plasma insulin levels according to the homeostatic model assessment (HOMA).
Flow cytometry. The levels of circulating and bone marrow-resident EPCs were analyzed by flow cytometry as described before (21, 51, 75) . Briefly, the levels of Flk-1 ϩ /Sca-1 ϩ cells were measured in lysed blood (10 min, RT; BD Pharm Lyse, BD BioSciences, San Jose, CA) and Ficoll gradient separated (400 ϫ g, 30 min, 4°C; FicollPaque PREMIUM, GE Healthcare, Piscataway, NJ) bone marrow cells using APC-Flk-1 and FITC-or PE-Sca-1 antibodies (BD BioSciences). Blood and bone marrow cells double positive for Flk-1 and Sca-1 (Flk-1 ϩ /Sca-1 ϩ cells) were analyzed with a LSRII flow cytometer (BD BioSciences) using the FlowJo version8 software (Treestar software).
Culture and immunocytochemistry of bone marrow-derived cells. Bone marrow-derived cells (BMDCs) were cultured from Ficoll gradient centrifugation-separated bone marrow aspirates as described before (21, 75) . Briefly, bone marrow cells (8 ϫ 10 5 ) were cultured on fibronectin (10% human fibronectin, Sigma-Aldrich) in endothelial cell media (PromoCell, Heidelberg, Germany) containing 20% FBS (Invitrogen, Carlsbad, CA). After 7 days of culture, BMDCs were used for immunocytochemistry. BMDCs were either labeled with FITC-Sca-1 (1:25; BD BioSciences) and APC-Flk-1 (1:15; BD BioSciences) or DiI-acLDL (2.4 g/ml; Molecular Probes, Invitrogen) and FITC-UE-lectin (50 g/ml; Sigma-Aldrich) as described (21) . Additionally, cells were labeled with Id-1 (1:250, overnight, 4°C; ProteintechGroup, Chicago, IL) with an Alexa-Fluor-488 secondary antibody (1:500, 1 h, RT; Molecular Probes, Invitrogen) or lysed and used for Western blot analysis of Id-1. For quantification, FITC-Sca-1/APC-Flk-1-positive cells were counted in five random microscopic fields (EVOS fl; AMG, Hill Creek, WA).
Immunoblotting. Western blotting was performed as described before (21, 75) using antibodies against phospho-Akt (Ser473), Akt, IB␣ (1:1,000; Cell Signaling Technology, Danvers, MA), Casp-1 (1:2,000; Epitomics, Burlingame, CA), IL-18 (1:1,000; Rockland, Limerick, PA), Id-1 (1:000; ProteintechGroup), actin (1:2,000, SigmaAldrich), and protein-HNE (72) . Additionally, amido black protein stain was used as loading control (protein) where indicated. Membranes developed with ECL plus reagent (Amersham Biosciences, Piscataway, NJ) were detected (Typhoon 9400 variable mode imager, Amersham Biosciences, myECL Imager, ThermoFisher) and quantified (Image Quant TL software, Amersham Biosciences, myImageAnalysis Software, ThermoFisher).
Real-time PCR. Quantitative real-time PCR (RT-PCR) was performed with aortic mRNA isolated with an Exiqon miRCURY RNA isolation kit (Exiqon, Woburn, MA) as described (22) using the following primer sets: tumor necrosis factor-␣ (TNF-␣): forward primer: 5=-GCATGATCCGCGACGTGGAA-3=, reverse primer: 5=-AGATCCATGCCGTTGGCCAG-3=; macrophage inflammatory protein-1␣ (MIP-1␣): forward primer: 5=-ACTGACCTGGAACTGAAT-GCCTGA-3=, reverse primer: 5=-ATGTGGCTACTTGGCAGCAAA-CAG-3=; monocyte chemotactic protein-1 (MCP-1): forward primer: 5=-ATGCAGGTCCCTGTCATG-3=, reverse primer: 5=-GCTTGAG- Fig. 1 . CAP exposure and HFD feeding induce vascular insulin resistance. Western blot analysis (ii) of the insulin-stimulated (100 nM, 15 min) phosphorylation of Akt in aortas isolated from mice exposed for 9 days to air or CAP (A) or fed for 8 wk with either control diet (CD) or high-fat diet (HFD) (B) as indicated in the experimental protocols (i). Data are means Ϯ SE normalized to the air or CD controls (*P Ͻ 0.05 control vs. insulin; NS, not significant; n ϭ 5). C: correlation between body weight and insulin-stimulated Akt phosphorylation in CD-or HFD-fed mice exposed for 30 days to air or CAP following the indicated experimental protocol (Ci). Insulin-stimulated Akt phosphorylation (means Ϯ SE, normalized to insulin-stimulated controls, n ϭ 4) was analyzed by Western blot (Cii, Ciii) in isolated aortas incubated in autologous plasma 1 h before stimulation with 100 nM insulin for 15 min. Linear fit [yϭAϩB*x] between the insulin-induced Akt phosphorylation and the body weight shown as discrete data points for each mouse either exposed to air (Civ) or CAP (Cv).
GTGGTTGTGGA-3=; interleukin-1␤ (IL-1␤): forward primer: 5=-CTCCATGAGCTTTGTACAAGG-3=, reverse primer: 5=-TGCT-GATGTACCAGTTGGGG-3=; soluble superoxide dismutase 1 (SOD1): forward primer: 5=-GATGAAGAGAGGCATGTTGGA-3=, reverse primer: 5=-TGTACGGCCAATGATGGAATG-3=; mitochondrial superoxide dismutase 2 (SOD2): forward primer: 5=-GCGGTCGTGTAAACCTCAT-3=, reverse primer: 5=-CCAGAGC-CTCGTGGTACTTC-3=; extracellular superoxide dismutase 3 (SOD3): forward primer: 5=-CTGAGGACTTCCCAGTGAC-3=, reverse primer: 5=-GGTGAGGGTGTCAGAGTGT-3=; Catalase: forward primer: 5=-AGCGACCAGATGAAGCAGTG-3=, reverse primer: 5=-TCCGCTCTCTGTCAAAGTGTG-3=; heme oxygenase-1 (HO-1): forward primer: 5=-CACGCATATACCCGCTACCT-3=, reverse primer: 5=-CCAGAGTGTTCATTCGAGA-3=; nuclear factor (erythroid-derived 2)-like 2 (Nrf2): forward primer: 5=-CTCGCTG-GAAAAAGAAGTG-3=, reverse primer: 5=-CCGTCCAG-GAGTTCAGAGG-3=; Glutathione S-transferase-A (GST-A): forward primer: 5=-TGATTGCCGTGGCTCCATTTA-3=, reverse primer: 5=-CAACGAGAAAAGCCTCTCCGT-3=; Glutathione Stransferase-M (GST-M): forward primer: 5=-AGCTCACGCTATTCG-GCTG-3=, reverse primer: 5=-GCTCCAAGTATTCCACCTTCAGT-3=; Glutathione S-transferase-P (GST-P): forward primer: 5=-ATGCCAC- CATACACCATTGTC-3=, reverse primer: 5=-GGGAGCTGCCCATA-CAGAC-3=; GAPDH: forward primer: 5=-AGGTCATCCCAGAGCT-GAACG-3=, reverse primer: 5=-GGAGTTGCTGTTGAA-GTCGCA-3=. The primer set for interleukin-6 (IL-6) was purchased from SA Bioscience (SABioscience, Qiagen, Valencia, CA).
Statistical analysis. Data are means Ϯ SE. To compare two groups, unpaired Student's t-test was used and one-way ANOVA with Bonferroni test post hoc was used for multiple group comparisons (SigmaStat, SPSS, Chicago, IL). P Ͻ 0.05 was considered significant.
RESULTS
CAP exposure and HFD feeding impair vascular insulin sensitivity. Our previous study indicates that vascular signaling is a sensitive target of PM 2.5 , which impairs aortic responses to VEGF (21) . To determine whether vascular insulin signaling is similarly affected, we exposed mice maintained on a CD to air or CAP for 9 days (Fig. 1Ai ) and examined changes in insulin-stimulated phosphorylation of Akt, a commonly used marker of insulin sensitivity (33) by Western blotting. Insulin (100 nM, 15 min, ex vivo) stimulated a significant increase in the levels of Akt phosphorylation in aortas isolated from mice breathing HEPA-filtered air (Fig. 1Aii ). In contrast, insulin failed to induce significant Akt phosphorylation in aortas isolated from mice exposed to CAP (Fig. 1Aii ). Exposure to CAP did not affect fasting blood glucose levels or body weight (Table 1 ). These observations suggest that exposure to PM 2.5 induces diet-independent vascular insulin resistance without effecting obesity. A similar impairment of insulin-stimulated Akt phosphorylation (Fig. 1Bii ) also was observed in aortas isolated from mice placed on HFD for 8 wk (Fig. 1Bi) ; however, in this case, the decrease in vascular insulin sensitivity was accompanied by an increase in body weight and fasting blood glucose levels (Table 1) .
Collectively, these results demonstrate that exposure to concentrated PM 2.5 for only 9 days selectively impairs vascular insulin signaling to the extent similar to that of 8-wk HFD feeding. However, while HFD feeding significantly increased body weight and blood glucose levels, CAP exposure did not affect either parameter (Table 1) .
Next, to examine the effects of more prolonged PM 2.5 exposure and to assess whether PM 2.5 exposure affects HFDinduced vascular insulin signaling and its dependency on changes in body weight, we exposed mice fed CD or HFD (4 wk) to air or CAP for 30 days with continuation of the respective diets (Fig. 1Ci) . As before, we analyzed insulinstimulated Akt phosphorylation in the aorta by Western blot (Fig. 1 , Cii and Ciii). Insulin-induced Akt phosphorylation in HEPA-filtered air-exposed mice fed CD or HFD was negatively correlated with body weight (Fig. 1Civ) , suggesting that HFD feeding impairs vascular insulin signaling related to changes in body weight. Because vascular insulin signaling was impaired by CAP exposure similarly in both CD and HFD-fed mice, there was no correlation between body weight and vascular insulin signaling in CAP-exposed mice (Fig.  1Cv) . These results suggest that PM 2.5 exposure induces vascular insulin resistance, independent of changes in body weight.
CAP exposure and HFD feeding affect EPC homeostasis. Our previous studies demonstrate that exposure to increased levels of PM 2.5 decreases the levels of circulating EPCs in humans (51) and mice (21) . The levels of EPCs in the peripheral blood also are decreased because of obesity and T2D (27, 42, 61, 68) . Hence, to test for the effects of combined CAP exposure and HFD feeding on EPCs, we exposed mice placed on a CD or HFD to air or CAP for 30 days (Fig. 2A) . As expected, feeding an HFD led to an increase in body weight, while CAP exposure did not affect body weight of mice fed either CD or HFD mice (Table 2) . Moreover, no changes in plasma levels of VEGF were observed in any treatment group ( Table 2 ). The levels of circulating EPCs (Flk-1 ϩ /Sca-1 ϩ cells) detected by flow cytometry (Fig. 2Bi) were decreased by 40% in mice exposed to CAP (Fig. 2Bii) . A similar extent of decrease in EPCs was observed in the mice fed a HFD for 8 wk (Fig.  2Bii) . However, exposure of HFD-fed mice to CAP did not lead to greater suppression of EPC levels, indicating the absence of an additive effect (Fig. 2Bii) . Although the decrease of circulating EPCs induced by HFD feeding in air-exposed mice was correlated negatively with body weight (Fig. 2Biii) , there was no correlation between body weight and peripheral blood EPC levels in CAP-exposed mice (Fig. 2Biv) because CAP exposure suppressed circulating EPCs to similar levels in both CD and HFD-fed mice. Taken together, these results indicate that CAP exposure and HFD feeding similarly decrease circulating levels of EPCs, reinforcing the view that circulating EPCs are sensitive targets of both CAP and HFD, although CAP-induced suppression of EPCs is independent of changes in body weight.
Previous studies have shown that EPCs in the peripheral blood originate from the bone marrow (67) . Therefore, to determine whether the decrease in circulating EPC levels in CAP-exposed mice is due to changes in the levels of EPCs in the bone marrow, we measured bone marrow-resident EPCs by flow cytometry (Fig. 2Ci) . We found that CAP exposure increased the levels of bone marrow resident EPCs in mice maintained on CD (Fig. 2Cii) . A similar increase in bone marrow resident EPCs also was observed in mice fed HFD (Fig. 2Cii) . However, even though body weight was positively correlated with bone marrow EPC levels in air-exposed mice (Fig. 2Ciii) , no such correlation was observed in CAP-exposed mice (Fig. 2Civ) .
To confirm the data obtained by flow cytometry, we measured bone marrow EPC levels using bone marrow outgrowth assays ( Fig. 3B) . The results of the outgrowth assays show that either CAP exposure or HFD feeding increases the number of BMDCs positive for Flk-1 and Sca-1 (Fig. 3B) . Additional phenotypic characterization of the BMDCs (Fig. 3C) showed that the initial colony forming units, which were double positive for c-kit/Sca-1 (Fig. 3Ci) , proliferate into Flk-1 ϩ /Sca-1 ϩ and UE-lectin ϩ / acLDL ϩ cells (Fig. 3Cii) . These cells were also positive for the EPC-specific transcription factor inhibitor of DNA binding-1 (Id-1) (Fig. 3Ciii) , and Id-1 positivity of the BMDCs was confirmed by Western blot analysis (Fig. 3Ciii) . Id-1 is an EPC transcription factor that plays an important role in the mobilization, recruitment, and proliferation of EPCs and is used to track tissue recruitment of EPCs (41, 44) . Hence, to determine whether the decrease in circulating EPCs is due to an increase in tissue recruitment or retention of these cells into peripheral tissues, we examined the abundance of Id-1 in aorta, lung, spleen, heart, liver, adipose tissue, and skeletal muscle by Western blot analysis (Fig. 3D) . We found that the abundance of Id-1 in the aorta was increased in mice fed an HFD, while the levels of Id-1 in the lung and the spleen were increased only in CAP-exposed HFD-fed mice (Fig. 3D) . In addition, HFD increased Id-1 abundance in the liver of air-and CAP-exposed mice, while CAP exposure increased Id-1 in the skeletal muscle of both CD and HFD-fed mice (data not shown). In contrast, Id-1 levels in the heart and adipose tissue were not affected in any treatment group (data not shown). These results suggest that CAP exposure and HFD feeding increase tissue recruitment of EPCs, although the sites of recruitment differ by treatment. Moreover, in CAP-exposed mice, the levels of circulating EPCs were negatively correlated, and reciprocally bone marrow EPCs were positively correlated with the extent of insulin-stimulated Akt phosphorylation (Fig. 4A) , suggesting that the changes in EPC levels may be related to vascular insulin resistance.
Exposure to CAP induces vascular oxidative stress and inflammation. Because oxidative stress and inflammation have been suggested to contribute to the vascular effects of CAP exposure (29) as well as to diet-induced vascular insulin resistance (19, 32) , we tested whether CAP-induced vascular insulin resistance is accompanied by vascular oxidative stress and inflammation. To test for vascular oxidative stress and inflammation, we isolated aortas from mice exposed for 9 days to air or CAP (Fig. 4B ) and examined the abundance of antioxidant enzyme mRNA and protein-HNE adducts (Fig.  4C) , as well as the mRNA levels of pro-inflammatory genes and IL-18 and Casp-1 activation (Fig. 4D) by RT-PCR and Western blot. We found that CAP exposure significantly increased the levels of SOD2 and GST-P mRNA (Fig. 4Ci) and the abundance of protein-HNE adducts (Fig. 4Cii) , indicating the induction of vascular oxidative stress due to CAP exposure. Our measurements of the levels of mRNA of pro-inflammatory genes in the aorta (Fig. 4Di) showed an increase in the abundance of IL-1␤, indicating the activation of the NF-kB pathway, while other NF-B encoded genes such as IL-6 or TNF-␣ (36) were not affected by CAP exposure. Increased levels of IL-1␤ by the Toll-like receptor 4 (TLR4)/NFB␣ pathway is an important priming step for the activation of the inflammasome pathway (76) , and because activation of the inflammasome has been implicated in the toxicity of environmental particles (24, 58) as well as in obesity-induced insulin resistance (65), we asked whether CAP exposure activates the inflammasome in the vascular wall. The inflammasome is a subcellular aggregate that upon activation cleaves pro-Casp-1 into its active 20 kDa (p20) and 10 kDa (p10) subunits that are responsible for the proteolytic conversion of IL-1␤ and IL-18 into its mature (active) form (69, 76) . Hence, to test for a CAP-induced activation of the inflammasome pathway, we measured the aortic abundance of full-length (p24) and cleaved (p18) IL-18 and the active Casp-1 subunits p20 and p10 by Western blot (Fig. 4Dii) . We found that CAP exposure not only increased the abundance of the cleaved active IL-18 (p18) but it also increased the abundance of the p10 subunit of Casp-1 (p10), consistent with the activation of the inflammasome pathway.
Insulin sensitizers prevent CAP-induced vascular insulin resistance and inflammation. Because treatment with metformin or rosiglitazone has been shown to improve vascular insulin sensitivity in obesity and hypertension (40, 63 , 71), we tested whether an insulin sensitizer could prevent vascular insulin resistance after CAP exposure. For this preventive approach, we treated mice with metformin or rosiglitazone prior and throughout the 9-day exposure to air or CAP as indicated in the experimental protocol (Fig. 5A) .
Treatment with the insulin sensitizer had no effects on fasting blood glucose and plasma insulin levels, or the HOMA-IR or HOMA-␤ scores (Table 3) . Moreover, even though metformin treatment appeared to reduce epididymal adiposity similarly in air-and CAP-exposed mice, no changes in body weight or other organ/body weight ratios were observed, and the levels of plasma lipids and proteins also were unchanged (Table 3) .
To determine whether treatment with an insulin sensitizer affects CAP-induced vascular insulin resistance, we measured insulin-stimulated Akt phosphorylation as before (Fig. 5B) . Consistent with our previous results, we found that CAP exposure impaired vascular insulin-stimulated Akt phosphorylation in aortas of vehicle-treated (water) mice (Fig. 5B) . In contrast, insulin signaling was unaffected in aortas isolated from CAP-exposed mice treated with metformin or rosiglitazone (Fig. 5B) , indicating that both insulin sensitizers were equally effective in preventing CAP-induced vascular insulin resistance.
Next, we tested whether treatment with metformin or rosiglitazone would also prevent CAP-induced vascular inflammation (Fig. 5, C and D) . To test for the activation of NF-B and inflammasome pathways, the aortic abundance of IB␣ (Fig.  5C ) and Casp-1-p20 and p10 (Fig. 5D ) was measured by Western blot. Consistent with CAP-induced increase in mRNA levels of IL-1␤ (Fig. 4Di) , CAP exposure decreased IB␣ levels in vehicle-treated mice (Fig. 5C) , indicating an activation of the NF-B pathway. Likewise, CAP exposure increased the abundance of the Casp-1 subunit p10 suggesting activation of the inflammasome pathway (Fig. 5D) . In contrast, the levels of IB␣ and Casp-1-p10/p20 were unchanged in aortas isolated from metformin or rosiglitazone-treated mice exposed to CAP (Fig. 5, C and D) , indicating that treatment with either insulin sensitizer prevented CAP-induced vascular inflammation.
Insulin sensitizers prevent CAP-induced effects on EPC homeostasis. In addition to protecting against CAP-induced vascular insulin resistance and inflammation, treatment with metformin or rosiglitazone prevented CAP-induced changes in EPC levels in the peripheral blood and the bone marrow (Fig.  6 ). As shown in Fig. 6 , and in agreement with our previous observations (21) , CAP exposure for 9 days decreased circulating EPC levels (Fig. 6B ) and increased bone marrow EPCs (Fig. 6C) ; however, treatment with either metformin or rosiglitazone prevented CAP-induced changes in EPC levels in the peripheral blood (Fig. 6B ) and the bone marrow (Fig. 6C) . These results suggest that the CAP-induced changes in EPC levels likely are mediated by vascular insulin resistance.
DISCUSSION
The major findings of this study are that exposure to concentrated ambient PM 2.5 induces diet-and obesity-independent vascular insulin resistance, an effect characterized by an early induction, accompanied by vascular inflammation and paralleled by a decrease in circulating EPCs. Although HFD feeding also induces vascular insulin resistance and decreases EPC levels in the circulation, these diet-induced changes appear to be related to changes in obesity. We also found that CAPinduced vascular insulin resistance, vascular inflammation, and EPC depletion were simultaneously prevented by metformin or rosiglitazone treatment, indicating that vascular insulin signaling may be a primary target of CAP. Moreover, our results show that exposure to CAP induces vascular inflammation via activation of both the NF-B and the inflammasome pathways, and that these pro-inflammatory vascular responses are prevented by either insulin sensitizer metformin or rosiglitazone. Thus our study is consistent with a previous study implicating the contribution of the TLR4 pathway in PM 2.5 -induced vascular dysfunction (29) , as we show that exposure to concentrated ambient PM 2.5 activates inflammatory processes in the aorta that is tightly coupled to vascular insulin resistance and EPC changes.
Extensive epidemiological and experimental studies suggest that exposure to PM 2.5 increases the cardiovascular disease risk (7, 48) . In addition, PM 2.5 exposure has also been linked to the development of insulin resistance and diabetes (8, 10, 14, 52) . Although multiple mechanisms have been proposed to contribute to this risk, endothelial dysfunction appears to be an important mediator of the cardiovascular effects of PM 2.5 (5, 6, 29, 35, 54, 70) . Significant vascular dysfunction has also been observed in humans exposed to diesel exhaust (46) and in experimental animals exposed to nanoparticles, PM 10 , diesel exhaust, or cigarette smoke (12, 13, 31, 34, 39, 49, 73) . Collectively, this body of evidence suggests that vascular function is a key target of respirable particles and that some of the cardiovascular effects of such air pollutant exposures may be mediated by vascular dysfunction. However, the mechanism by which air pollutant exposure leads to vascular dysfunction remains unclear. In this regard, our results showing that exposure to concentrated ambient PM 2.5 causes vascular insulin resistance and inflammation provide one mechanism by which PM 2.5 exposure could lead to widespread changes in vascular function, ranging from blood pressure regulation and atherogenesis to increased thrombosis. While additional investigations are required to delineate the contribution of vascular insulin resistance to varied manifestations of vascular dysfunction, our observations suggest that vascular insulin resistance and inflammation may be an important mechanism underlying the development of vascular injury induced by the exposure to PM 2.5 and/or related air pollutants.
Our results showing that exposure to concentrated ambient PM 2.5 increases vascular inflammation and oxidative stress suggest that such a vascular insult is a significant outcome after inhalation of PM 2.5 . While local vascular inflammation due to PM 2.5 exposure has been noted before (16) , neither the nature nor the mechanism of this vascular insult is well understood. We found that exposure to CAP activates the aortic NF-B and inflammasome pathways, processes that are also affected by diet-induced obesity. In diet-induced obesity, metabolites such as glucose or free fatty acids not only activate the NF-B pathway via TLRs, which upregulate IL-1␤ or IL-18 mRNA, but also trigger the assembly of the inflammasome and activate Casp-1 (76) . Activated Casp-1 cleaves pro-IL-1␤ and pro-IL-18 into active cytokines that contribute to vascular inflammation (76) . In the present study, we found that exposure to CAP led to the activation of NF-B and the inflammasome pathway in the blood vessel as indicated by degradation of IB␣, stimulation of IL-1␤ transcription, activation of Casp-1, and cleavage of pro-IL-18. However, the observation that the activation of these pathways could be prevented by treating the mice with an insulin sensitizer, metformin, or rosiglitazone, supports the hypothesis that increased vascular insulin resistance may be a significant mechanism and important contributor to subsequent vascular inflammation in mice exposed to concentrated ambient PM 2.5 .
Our results showing that treatment with an insulin sensitizer decreases CAP-induced vascular inflammation suggest that the development of vascular inflammation is likely secondary to vascular insulin resistance. However, in animal models of diet-induced obesity, vascular insulin resistance develops within 1-2 wk of HFD feeding and is accompanied by the Data are means Ϯ SE, n ϭ 5. Body weight, organ/body weight ratios, and blood glucose levels of mice either exposed for 9 days to air or CAP or fed for 8 wk with control diet (CD, 10 % kcal fat) or high fat diet (HFD, 60% kcal fat). CAP, concentrated ambient fine particulate matter; CD, control diet; HFD, high-fat diet; BW, body weight.
activation of the NF-B pathway (33) , and both vascular insulin resistance and inflammation are attenuated in TLR4-null mice (32) , suggesting that vascular inflammation contributes to the development of vascular insulin resistance in dietinduced obesity. Hence, it appears that the relationship between vascular insulin resistance and inflammation is complex and interdependent. Our observations that an insulin sensitizer prevents vascular inflammation support that upon PM 2.5 exposure vascular insulin resistance contributes to the development of vascular inflammation, whereas in diet-induced obesity, vascular inflammation likely gives rise to vascular insulin resistance. Although our observations that insulin sensitizers prevent vascular inflammation do support the notion that vascular inflammation is secondary to vascular insulin resistance, the mode-of-action of the insulin sensitizers is unclear, and even though treatment with either metformin or rosiglitazone improves vascular insulin sensitivity (40, 63, 71) these drugs may affect vascular oxidative stress and inflammation as well.
The effects of metformin have been mainly related to the improvement of glucose levels via the regulation of hepatic glucose production, but metformin can also decrease inflammation and oxidative stress (47) . Metformin inhibits vascular NF-B activation (26) and reduces vascular oxidative stress while increasing endothelial NOS (eNOS) activity and NO production in a mouse model of obesity (9) . Thiazolidinediones, such as rosiglitazone or pioglitazone, are peroxisome proliferator-activated receptor ␥ ligands and their beneficial effects are largely attributed to their capability to redistribute lipid deposits (60) and to their anti-inflammatory (60) and antioxidant (25) effects. Nevertheless, it is unclear whether the insulin sensitizers directly affect vascular inflammation and oxidative stress, or whether these effects are due to the resolution of vascular insulin resistance. Regardless, because oxidative stress and inflammation appear to be the key mediators of the PM 2.5 -induced vascular effects (29) , the anti-inflammatory and antioxidant features of these drugs, in addition to their Data are means Ϯ SE, n ϭ 3-8. Body weight, organ/body weight ratios, blood glucose, and plasma VEGF levels of CD-or HFD-fed mice exposed for 30 days to air or CAP (see Fig. 2A ). CAP, concentrated ambient fine particulate matter; CD, control diet (10% kcal fat); HFD, high fat diet (60% kcal fat); BW, body weight; VEGF, vascular endothelial growth factor. *P Ͻ 0.05 vs. appropriate diet-matched control. Data are means Ϯ SE, n ϭ 5. Physiological parameters measured in water, metformin, or rosiglitazone-treated mice exposed for 9 days to air or CAP (see insulin-sensitizing effects, could be important contributing factors to their beneficial outcomes on vascular insulin sensitivity and EPC levels after PM 2.5 exposure.
In addition to preventing vascular insulin resistance and inflammation, treatment with metformin and rosiglitazone also prevented the suppression of EPC levels in the peripheral blood of CAP-exposed mice. Results of several studies suggest that EPCs play an important role in maintaining vascular health by promoting vascular repair and regeneration (74) . The circulating levels of these cells are negatively associated with CVD risk and severity and are predictive of CVD mortality (20) . Our previous studies have shown that exposure to increased levels of ambient air pollution is associated with a decrease in the EPC levels in the peripheral blood even in healthy individuals (51) and that the levels of these cells are also decreased in mice exposed to concentrated ambient PM 2.5 (21) . In addition to PM 2.5 , levels of circulating EPCs have also been shown to be sensitive to other air pollutants such as PM 10 (4), acrolein (75) , environmental tobacco smoke (23), nickel nanoparticles (43) , and diesel exhaust (57) . Our results showing a decrease in circulating EPCs and an increase in bone marrow EPC levels and our previous findings (21) suggest that exposure to PM 2.5 induces a bone marrow mobilization defect, which prevents their egress to the peripheral blood. A similar mobilization defect has been observed in animal models of obesity and diabetes (18, 61, 68) , suggesting that both diabetes and obesity affect EPC homeostasis possibly by mechanisms similar to those underlying the mobilization defect in PM 2.5 -exposed mice. Indeed, we found that this mobilization defect is prevented in mice treated with metformin and rosiglitazone, suggesting that the failure to mobilize EPCs is likely related to vascular insulin resistance and that this defect could be overcome by enhancing insulin sensitivity. Upon vascular injury, EPCs are recruited from the bone marrow to the peripheral blood by the release of VEGF and VEGF-induced phosphorylation of Akt and eNOS (2, 15, 18) . Because impaired vascular insulin signaling also reflects diminished Akt and eNOS phosphorylation, it seems plausible that defects in EPC mobilization in PM 2.5 -exposed mice may be secondary to vascular insulin resistance. Several studies showing that insulin sensitizer treatment improves vascular insulin sensitivity (40, 63, 71) and restore levels of circulating EPCs levels (11, 42, 53) further support this notion.
In addition to the reported EPC mobilization defect, our results also show selective organ recruitment of EPCs, particularly in the context of HFD. For example, in mice exposed to CAP, an increase in Id-1 abundance was observed in several organs, particularly the lung and spleen of HFD-fed mice, indicating increased recruitment or retention of EPCs. This observation points toward ongoing endothelial injury in these organs, which is exacerbated by HFD, and suggests that in addition to the mobilization defect, depletion of EPCs in the peripheral blood may also be in part due to increased recruitment to peripheral organs. Thus even though PM 2.5 did not exacerbate HFD-induced EPC suppression, increased tissue recruitment of EPCs indicates that PM 2.5 exposure exacerbates vascular injury in obese animals. Potentiation of such vascular injury could be one mechanism contributing to increased susceptibility of diabetic individuals to PM 2.5 -induced vascular dysfunction (50, 62) .
In summary, we found that PM 2.5 exposure induced vascular oxidative stress, inflammation, and insulin resistance, which were associated with the depletion of circulating EPCs and the retention of EPCs in the bone marrow. These effects occurred at exposure doses similar to the 24-h average levels of PM 2.5 in most major US cities (20 -35 g/m 3 )(7). For example, mice treated with metformin or rosiglitazone were exposed to a concentration of 84 g/m 3 that corresponds to a 24-h PM 2.5 exposure level of ϳ21 g/ m 3 . Despite a similar pattern of PM 2.5 -and HFD-induced vascular insulin resistance and EPC effects, the mechanism of PM 2.5 action does not appear to depend on obesity-related factors. Our experiments with mice treated with metformin or rosiglitazone showed that treatment with either drug not only prevented PM 2.5 -induced vascular insulin resistance but it also reduced vascular inflammation and prevented changes in EPC homeostasis. On the basis of these findings we propose that PM 2.5 exposure results in oxidative stress. This in turn leads to the selective induction of insulin resistance and the activation of the pro-inflammatory NF-B and inflammasome pathways in the blood vessel, and vascular insulin resistance affects the mobilization of EPCs from the bone marrow to the peripheral blood (Fig. 7) . While further studies are required to test the model in detail, the view that vascular insulin resistance is an important mechanism underlying vascular injury and systemic changes in EPC mobilization could provide a useful paradigm for understanding and evaluating the many adverse cardiovascular and cardiometa- Fig. 7 . Proposed mechanism of the PM2.5-induced vascular effects. PM2.5 exposure triggers by inducing oxidative stress the activation of the NF-B and the inflammasome pathways in the blood vessel which stimulates the transcription and cleavage of IL-1␤ and IL-18. PM2.5 exposure also induces vascular insulin resistance, impairing vascular insulin-stimulated Akt phosphorylation which may contribute to the suppression of the recruitment of EPCs. Treatment with either insulin sensitizer, metformin or rosiglitazone, prevented NF-B and inflammasome activation as well as vascular insulin resistance and changes in circulating and bone marrow EPC levels as indicated by *. bolic effects of PM 2.5 and related pollutants and how the pathological consequences of these effects could be therapeutically minimized and managed.
